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ABSTRACT

COMPUTATIONAL AND EXPERIMENTAL STUDIES OF FUNCTIONALIZED PHENOLIC
TERTIARY PHOSPHINE OXIDES AS ORGANOCATALYSTS FOR THE REDOXNEUTRAL MITSUNOBU REACTION

By
Sadie Brown
May 2021

Thesis supervised by Dr. Aaron Bloomfield
The purpose of this thesis was the identification of a more efficient catalyst analog that could
perform the redox-neutral Mitsunobu reaction, which was achieved via two synthetic pathways:
elimination-addition and addition-rearrangement. Furthermore, a computational investigation was
conducted on the conflicting interpretations of the catalytic cycle. Our research group replicated
Houk et al. work, as well as expanded the computations to examine the influence different
functional groups had on the ground state and transition state structures. Important ground state
and transition state structures were determined, which provided a more energetically favorable
pathway of the catalytic cycle. Experimental work demonstrated that both one-step syntheses could
generate modified organocatalyst and observe the influence different functional groups had on the
catalytic activity. The addition-rearrangement synthesis was determined to be the optimal pathway
with yields ≥ 70%.
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DEDICATION

“Inch by inch, life’s a cinch. Yard by yard, life’s hard.”
-John Bytheway
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A. Introduction
A1. Overview
The Mitsunobu reaction is a powerful synthetic tool that is widely used in organic syntheses of
pharmaceutical targets.1-3 The methodology allows for otherwise unreactive aliphatic alcohols to
act as electrophiles and undergo SN2 reactions, inverting the configuration of the secondary
alcohol.1-3 This reaction is popular due to its predictable stereoselectivity, compatibility of
functional groups, and mild reaction conditions.4-7
The traditional Mitsunobu reaction occurs through an oxidation-reduction pathway, using
stoichiometric amounts of reducing and oxidizing agents, such as triphenylphosphine (TPP) and
diethyl azodicarboxylate (DEAD), respectively (Scheme 1). In addition to the desired product
containing newly formed C-O, C-N, C-S, and C-C bonds, polar phosphine oxide and hydrazine
are generated.1, 2, 4, 5, 7 As a consequence of using TPP and DEAD, the protocol results in poor
atom economy and difficulty in purification of the desired product.4, 5 Furthermore, when using
TPP and DEAD, a secondary alcohol is displaced by an acidic pronucleophile with a pKa < 11.8

xv

In recent years, there have been several advances to the methodology that have led to the
elimination of the purification step and the auxiliary reagents.1, 2, 4, 5, 9, 10 Most recently, a new
protocol has been reported by Beddoe et al. demonstrating that an organocatalyst can activate an
aliphatic alcohol, free of auxiliary reagents.11,

12

This method results in water being the sole

byproduct, as well as the regeneration of the organocatalyst.11,

12

However, this approach is

restricted to strongly acidic nucleophiles (pKa ≤ 3.5) that must be activated at high temperatures (
≥ 140⸰C) due to a large energetic span of the catalyst.11, 12
A year after Beddoe et al. published their work, a computational group led by Houk et al.
published an article describing the relative energies and hydrogen bonding interactions between
the ground states, intermediates, and transition states structures.13 This group extended the
knowledge of the catalytic cycle and found a different RDS, than the one previously reported by
Beddoe.
Our research project aims to improve upon Beddoe et al. redox-free catalytic Mitsunobu
reaction by providing a further understanding of the mechanistic pathway of the catalyst. Beddoe
et al. reported limited structure-activity relationship (SAR) due to only examining three catalyst
candidates; however, they did identify some necessary components about the catalytic
intermediates. The research proposed in this document expands upon their SAR data of the
organocatalyst for the redox-neutral Mitsunobu reaction in two significant ways: hydrogen
bonding interactions mediated by the organocatalyst will be elucidated using computational
methods, and a synthetic strategy to prepare a combinatorial library of catalyst candidates will be
demonstrated. Together, accomplishment of these two tasks will open the door to the design of an
efficient organocatalysts. In addition, the RDS will be further verified using both experimental and
computational methods.

xvi

A2. Background
The Mitsunobu reaction (Scheme 1) is broadly used because it inverts the stereochemistry,
making it a powerful synthetic tool.14 The reaction proceeds through a redox process requiring
stoichiometric amounts of two auxiliary reagents, DEAD (3) and TPP (4), to activate the
secondary alcohol (1), which promotes the coupling with a broad range of nucleophiles (2).14, 15
Through this reaction, undesired byproducts 6 and 7 are generated that contributes to its poor atom
economy and high waste production.15 In addition to the process requiring a stoichiometric amount
of 3, the synthesis is limited to a bench scale.16
The main advantage of the Mitsunobu
reaction is maintaining control over the
stereochemistry, which is essential for
pharmaceutical synthesis with 56% of drugs
being chiral.17-29 Prominent examples of the
Mitsunobu reaction within pharmaceutical
synthesis

includes

reboxetine

(8)

and

thuggacins (9) (Figures 1 and 2).30-35 As shown in Figure 1, 8 has a pair of enantiomers and
maintaining a high level of control over the stereochemistry is important, due to each enantiomer
possessing the same connectivity. However, interactions with the inhibitor are dependent on the
conformation, hence the need for stereospecificity.28 The chirality determines the function of each
enantiomer because most enantiomers of chiral drugs exhibit different biological activities
including pharmacology, toxicology, pharmacokinetics, and metabolism.28, 36 For example, the two
enantiomers of 8 possess different pharmacokinetics parameters, such as the (S,S)-enantiomer (8a)
is a more potent norepinephrine uptake inhibitor and the (R,R)-enantiomer (8b) is responsible for
1

the vasomotor and cardiac side effects.37
Therefore, stereocontrol in drug synthesis is
crucial to generate the desired drug that
contains the appropriate biological activity.
The nucleophilic substitution of alcohols
was voted as the second most desired reaction
that pharmaceutical companies wanted a
greener alternative.38 However, the challenge
of greener methodologies is maintaining control over the stereochemistry of the reaction while
eliminating the hazardous waste and cost of the reaction.38, 39
To overcome these challenges of the Mitsunobu reaction, extensive research has been reported,
such as improving the reagents for better selectivity, developing a simpler purification process,
and using catalytic conditions to achieve nucleophilic substitution.4-7, 9, 16, 38, 40, 41 Recently, Huy et
al. demonstrated that a Lewis base catalyst could promote nucleophilic substitution.41 This method
has potential because it eliminates the stoichiometric reagents, hazardous waste, and lowers the
overall cost of the reaction.41 However, it does require high catalyst loadings and limits the
nucleophilic scope due to a lack of mechanistic understanding.41 Another approach that has been
developed by several groups is the use of various separation techniques, to enable an easier
purification process for the isolation of the Mitsunobu product.5 One of the separation techniques
includes tagging 3 and 4.5 These reagents can be tagged with polymers, basic phosphines, crown
ethers, or fluorous substituents in order to distinguish the byproducts from the desired product.5
This technique allows for easier separation, although, additional reagents are required for
purification.5

2

Nevertheless, the previously described methods leave much desire for improvement to limit the
catalyst loadings and the additional reagents. A major advancement was reported in 2019
demonstrating a redox-neutral Mitsunobu reaction was possible that utilized a phenolic tertiary
phosphine oxide (TPO) (11a) as an organocatalyst (Scheme 2). No additional reagents are required
other than an alcohol and a nucleophile, resulting in water as the sole byproduct.11, 15 The group
reported a broad substrate scope with sufficient yields; however, the protocol for the catalytic
Mitsunobu reaction is not without its own limitations.12 In order to promote catalytic alcohol
activation, the pKa of the nucleophiles had to be ≤ 3.5 with a reaction temperature ≥ 140⸰C, because
of the high energy intermediate.11, 12 The limitation of using only strongly acidic nucleophiles (pKa
< 3.5) was apparent when Beddoe et al. tested benzoic acid (pKa is 4.2) and 2,4-dinitrobenzoic
acid (12c) (pKa is 1.4).11 The results showed that benzoic acid does not react at all, while 12c reacts
slowly; therefore, it was concluded that only nucleophiles with a lower pKa can activate the
catalyst.11
The work published by Beddoe et al. was a major development for synthetic chemistry, as it
can also be useful for pharmaceutical syntheses due to a direct inversion of configuration of
alcohols without auxiliary reagents. However, their mechanistic work was limited, and their
proposed catalytic cycle is very generic with minimal experimental support. The limitations of

3

their mechanistic work was observed when Beddoe et al. evaluated carboxylic acids generating
low turnover frequency (TOF) values (1.74  10-5 s-1) (Table 1).11, 12, 42

The generation of low TOF values indicated that the catalyst was inefficient resulting in a large
energetic span (∆E) (the difference in energy between the ground state and transition state along
the catalytic cycle) of 35 kcal/mol.43 The calculated energetic spans (∆E) of the carboxylic acids
4

exhibited by Beddoe et al. are listed in Table 1. After the energetic span of carboxylic acids were
calculated (eq. 1) 43 (h is Plank’s constant; kB is Boltzmann’s constant; T is temperature; R is ideal
gas constant; ∆E is energetic span),43 those results were then compared to the pKa of the
nucleophile (Figure 3).
Equation 1.
𝑇𝑂𝐹 =

∆𝐸
𝑘𝐵 𝑇
∗ (𝑒 −𝑅𝑇 )
ℎ

Figure 3. This graph demonstrates the relationship between the pKa of the
nucleophile and the energetic span of the catalytic cycle.

As

shown

in

Figure 3, there is a
linear

comparison

between

the

energetic span and
the

pKa

values

indicating that the
dissociation of the
acid is an important
aspect

of

the

energetic span. From Figure 3, it can be concluded that the acidity of the nucleophile dictates the
energetic span for example, the smaller the pKa the smaller the energetic span. Understanding the
relationship between the pKa and the energetic span will provide additional details about the
catalytic cycle.
The limited mechanistic work is a result of the three-step synthesis that was used (Scheme 3A)
to prepare the phenolic TPO, in a 68% overall yield.11 The synthesis required extremely hazardous
reagents, such as PBr3, and generated a significant amount of hazardous waste. This waste includes
5

corrosive hydrogen bromide gas and flammable hydrogen gas, as well as nonvolatile contaminants
that were removed by recrystallization of the desired products.11

An alternative approach is required for the three-step synthesis due to the limitations that arise
within the protocol. In this research, we propose an alternative protocol that includes an
elimination-addition one-step synthesis, eliminating the hazardous waste. The eliminationaddition synthesis was inspired from recent experimental work by Tatarinov et al., who
demonstrated that a P-C bond could be formed by coupling a hydroxybenzyl alcohol (HBA) and a
triethyl phosphite.44 The formation of a P-C bond was accomplished in a two-step synthesis
without additional reagents.44 By further understanding their synthesis we were able to
demonstrate that an elimination-addition one-step synthesis can occur between a secondary
phosphine oxide (SPO) (15) and an ortho-hydroxybenzyl alcohol (o-HBA) (13), which can react

6

directly to produce the desired phenolic TPO and water as the sole byproduct (Scheme 3B). This
takes advantage of the fact that 13 can dehydrate at high temperatures to form a highly electrophilic
ortho-quinone methide (o-QM) (14).
There are several reports of 13 serving as
masked 14 that are unmasked in situ when
heated44, 45 or in the presence of Brønsted acids
(Scheme 4A).46 13 eliminates water, and
breaks aromaticity to form 14 with an energy
barrier of 28.7 kcal/mol (Scheme 4A).47 The
literature shows that the addition of a water
molecule has the tendency to lower the energy barrier to 20.1 kcal/mol, thus indicating water has
a catalytic effect.47 o-QMs are high energy intermediates that strongly favor rearomatization and
the 1,4-addition product over the 1,2-addition product.48-51 14 can be generated from a variety of
commercially available HBAs that are readily available in the lab.
Several HBAs can be purchased; however, many can be synthesized from commercially
available ketones, such as 2-hydroxybenzophenone, 2’-hydroxyacteophenone, 5’-bromo-2’hydroxyacetophenone, and 2’,6’-dihydroxyacetophenone.52,

53

Although only a few SPOs are

commercially available, they can be synthesized by reacting Grignard reagents with diethyl
phosphite,54,

55

or by coupling primary phosphines with ketones or aldehydes under acidic

conditions.56 Furthermore, SPOs are in rapid equilibrium with their high energy intermediate,
phosphinous acid (PA) (16), where the lone pairs on the phosphorus result in a highly nucleophilic
16 (Scheme 4B). 16 can then react directly with the 14 generating a TPO.57 The equilibrium
between 15 and 16 had been examined through extensive DFT calculations by Vincze et al., thus
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computing the influence of different substituents on the phosphorus compounds and solvents.57 A
trend was observed on the influence of electronics, whereupon compounds with electron
withdrawing (EWG) substituents shift toward the trivalent form (positive ∆G), and compounds
with the electron donating (EDG) substituents favor the pentavalent form (negative ∆G).57 From
the trend observed on the tautomerization, it had been speculated that the equilibrium was
influenced by the substituents electronic properties, as well as the electronic characteristics of the
compounds.58

Another one-step synthesis of these targets results from the acid-mediated coupling of 2hydroxybenzaldehydes (17) and secondary phosphines (18), which proceeds by the theoretically
100% atom economical addition-rearrangement mechanism (Scheme 5). The acid-mediated
addition of phosphines was examined in detail by Epstein et al., who reacted phosphine and
aldehydes together to identify the oxygen being transferred from C to P.59 From this reaction, they
were able to demonstrate the formation of primary and secondary phosphine oxides; however, in
order to produce TPOs concentrated HCl was needed for the rearrangement to occur.59 Another
group under the supervision of Chikkali et al. was able to demonstrate the formation of phosphine
oxides by using diphenylphosphine and phenolic aldehydes with TsOH and DME.60 However, the
synthesis shown in Scheme 5 was inspired from work previously reported by Bloomfield et al.,
who demonstrated that a P-C bond can be produced by coupling 17 and 18 in trifluoroacetic acid

8

(TFA).56 Although, the addition-rearrangement pathway possess more hazardous materials than
the elimination-addition synthesis, it can generate higher yields in a more timely manner, as
demonstrated by Bloomfield et al. published results.56 There is a broad and electronically diverse
range of commercially available substitutes 2-hydroxybenaldehydes and secondary phosphines
which can provide access to most of the catalyst candidates of interest. (Due to the extreme hazards
associated with dimethylphosphine, catalyst candidates with R3 = CH3 were only synthesized by
the HBA + SPO route.)

Shown in Scheme 6 is the proposed mechanism coupling 18 and 17. First, 17 gets protonated
by the acid (TFA) and then reacts with 18. Next, structure 19 goes through an intermolecular type
1 dyotropic rearrangement, which is the key step in the conversion of the alphahydroxyphosphines to the desired product. Finally, aqueous sodium bicarbonate is used in the
workup to neutralize 21.

9

The coupling reactions between the SPOs and HBAs, or aldehydes, and secondary phosphines
had been proven through experimental and theoretical reports enabling ample SAR data to be
generated. These precedents not only support our synthesis but are relevant to solving the
mechanism. However, this is not the case for Beddoe et al. whose limited mechanistic work
prevented ample SAR data from being generated. Due to the limited mechanistic work within
Beddoe et al. catalytic cycle, this research focuses on enhancing the mechanistic understanding
through computational methods. We plan to use computational methods to model a similar system
reported by Beddoe.
Prior to 2020, the only computational methods pertaining to organophosphorus compounds
were reported by Vincze et al., whom provided us with further insight into the DFT methods that
are applicable.57 This group reported various computational techniques to calculate the energies of
the transition states for several mechanistic pathways pertaining to the tautomeric equilibrium of
the P(O)H compounds.57 According to their calculations, they demonstrated that multiple bridging
hydrogen atoms influence the activation barrier. The first mechanistic pathway that was calculated
resulted in activation barriers of 55.1 kcal/mol and 53.8 kcal/mol for dimethylphosphine oxide
and dimethyl phosphite, respectively.57 Considering that the first reaction pathway displayed high
activation barriers, Vincze et al. began adding water, SPOs, and PAs to the pathway, to lower the
activation barrier.57 Eventually, after experimenting with different equivalents of water, SPOs, and
PAs, the group was able to achieve a more energetically reasonable pathway consisting of three
PA molecules.57
Fortunately, in 2020 a paper was published by Houk et al. that discussed the computational
methods used to explore the redox-neutral Mitsunobu reaction. The paper provided extra insight
into the DFT methods that were relevant to better understand Beddoe et al. proposed catalytic
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cycle. The DFT calculations were performed using Gaussian 09 with B97X-D as the functional
and 6-311G(d,p) as basis set.13
There are several DFT methods to explore, but often many of them can lead to qualitative
failures leaving much desire for improvement within the computational realm.61 These qualitative
failures become problematic where the non-locality of exchange-correlation hole is important and
during long-range charge transfer excitations.61 The most commonly used hybrid density
functionals, such as B3LYP cannot resolve these qualitative problems. To overcome these
qualitative failures a research group under the supervision of Gordan et al. tackled the problems
by developing a hybrid density functional. Gordan et al. developed this functional by using the
long-range corrected (LC) hybrid density functionals, which employs 100% Hartree-Fock (HF)
exchange for long-range electron-electron interactions, demonstrating that the qualitative failures
could be resolved.61 The LC does not affect the computational cost and generates comparable
results to the other hybrid functionals.61 Over the years, the LC functionals have been improved
by using a systematic optimization procedure called the B97 functional. After the B97
functional was created there was further development that led to the production of the B97X
functional consisting of one extra parameter corresponding to an adjustable fraction of short-range
exact exchange.61 Unfortunately, this functional did not include empirical atom-atom dispersion
correction with accuracy in thermochemistry, kinetics, and noncovalent interactions.61 Therefore,
Gordon et al. significantly advanced the B97X functional to the B97X-D functional, by
computing additional empirical dispersion corrections, thus demonstrating a more superior
functional than other empirical dispersion-corrected functionals. The B97X-D functional is now
commonly used because it contains 100% HF in the long range, and has 22% and 16.7% of HF in
the short range.61,

62

In addition, the B97X-D exhibits satisfactory accuracy with
11

thermochemistry, kinetics, non-covalent interactions, and falls into the category of being the prime
hybrid GGAs and a practical meta-GGAs.61, 62
The B97X-D functional and 6-311g(d,p) basis set were chosen by Houk et al., to compute the
redox-neutral Mitsunobu reaction.13,

61, 62

Houk performed the DFT calculations by primarily

focusing on the initial dehydration and final substitution step to obtain concrete results for
determining the RDS.13 Houk et al. explored the redox-neutral Mitsunobu reaction due to Beddoe
et al. proposed catalytic cycle being supported by experimental evidence such as structure-activity
relationship (SAR) studies of the catalyst, isotope labeling, and capture of the reactive species, but
no kinetic studies were reported indicating that Beddoe’s interpretation of the catalytic cycle is an
oversimplification.11, 13 Despite not having adequate data Beddoe et al. was able to interpret the
catalytic cycle based on experimental results, which led to their claim that the dehydration step
was the RDS.
Houk et al. explored the catalytic cycle in greater detail using (R)-1-phenylpropan-2-ol (23)
and reacting it with 2,4-dinitrobenzoic acid (12c) to generate an (S)-ester (25) (Scheme 7). Houk
et al. were able to generate a more complex catalytic cycle with precise ground states,
intermediates, and transition state structures and their corresponding energies, by using DFT. Due
to more explicit structures being defined for the catalytic cycle this led to a disagreement with the
RDS between the two groups. Houk et al. was able to determine the RDS by calculating the
energetic span of the catalytic cycle, due to no side reactions occurring within the catalytic cycle.
The energetic span was calculated to be 32.6 kcal/mol by coupling 2,4-dinitrobenzoic acid with 1phenylpropan-2-ol and Beddoe et al. found the energetic span to be 32.7 kcal/mol by coupling 2,4nitrobenzoic acid with 2-octanol. Although the calculated energetic spans are close in energy their
reported RDS are different. Beddoe et al. claimed the RDS was the initial dehydration step and
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Houk et al. concluded
that

the

final

substitution step was
the

RDS.

The

difference in the RDS
between

the

two

groups can be further
explained
Beddoe

because
et

al.

experimentally
examined
catalytic

the
cycle

xylenes,
Houk

in

whereas
et

al.

computational work
took place in the gas phase with no explicit solvent molecules included. Houk’s calculations rely
on pi-stacking interactions between the pronucleophile (2,4-dinitrobenzoic acid), and the phenyl
substituent on the phosphorus. As for Beddoe’s experimental work, the pi-stacking occurs between
the solvent molecules, and the catalyst not the pronucleophile. The work described above is
relevant for both experimental and theoretical methods of the proposed research, in which we plan
to use similar methodologies to further understand the redox-neutral Mitsunobu reaction.
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B. Goals and Objectives
B1. Goals
The goal of this research is to use computational modeling to gain a deeper understanding of
the mechanism of the catalytic Mitsunobu reaction, predict structure-activity relationships (SAR)
for the modified organocatalysts, and demonstrate synthetic access for the design of a superior
catalyst. The first objective will be aimed at studying Beddoe’s catalyst to identify alternative
transition state and ground state structures. Next, a study will be conducted on examining various
hydrogen bonding interactions with the two conformations of Beddoe’s catalyst. Objective 2
expands upon Objective 1, by examining the relative energies of the key ground state and transition
state structures for the different analogs. Lastly, Objective 3 will be experimentally preparing and
purifying the different catalyst analogs, to generate a class of organocatalyst.
Objective 1. Identify and examine possible alternative transition states and ground states using
the same system and methods as Houk.
Houk et al. published multiple ground state and transition
state structures to identify an efficient catalytic cycle;
however, there appear to be other plausible ground state
and transition state structures that were not discussed in
their report. An examination of alternative ground state
structures was conducted, by first comparing different
conformations of Beddoe’s catalyst independently, and
then several with different possible hydrogen bonding
interactions with the pronucleophile (Figures 4 and 5). It may be that certain hydrogen bonding
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interactions generate a more energetically favorable ground state structure than that previously
reported by Houk. The energetic span of
these structures will also be calculated,
and the calculation could potentially
exclude many alternative structures due
to their relative energies.
Houk et al. reported the turnoverlimiting TS to be the SN2 reaction of the
nucleophilic
activated

carboxylate

alcohol,

going

on

the

through

transition state structure (Figure 6).
Houk TS structure 24 has an interesting
hydrogen bonding arrangement: the
phenol is serving as a hydrogen bond
donor to the incoming carboxylate.
Another

plausible

arrangement

(transition structure 33, Figure 7) would
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involve an internal bond, in which the phosphorus-bound oxygen serves as hydrogen bond
acceptor for the phenol. This hydrogen bonding arrangement can be thought of as a more reactive
nucleophile and more reactive electrophile. Due to the hydrogen bonding and the catalyst being in
the more energetically favorable conformation, this suggest that the TS is closer to the GS.
Therefore, both TS and GS exhibit similar geometric structures and energies, then if the TS were
closer to the product resting state.
Objective 2. Examine structure-property relationships computationally by using key ground state
and transition state structures from Objective 1 as templates for structural analogs, looking for
trends in relative energies and preferred geometries of intermediates and transition states.
After the key ground state and
transitions state structures have been
identified in Objective 1, the effect the
electronics have on these structures can
be studied to observe their influence on
the relative energies. The electronics
will be observed by modifying the
substituents of the phosphine oxide
(Table 2, R1=OCH3, CH3, H, NO2 and
R3=Ph,

CH3),

along

with

the

comparison of the Hammett parameters
of the R1 substituents and their predicted pKa values (Table 2).63-65 The predicted pKa values of the
TPOs were measured in water.65 The R1 substituents, which are para to the phenol and therefore
can alter the pKa of the phenol without changing the steric environment of active site on the
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catalyst, also play a role in the stability of the different states of the catalyst. However, the R3
substituents will alter the steric environment around the active site, as well as the electronics. The
Tolman parameters can be used to explain the effect the electronics will have on the phosphorus
center.66 The electronics will be observed for all conformations of the catalyst resting state
structure to examine which R1 and R3 substituents will make the conformations of the catalyst
more energetically favorable.
Next the various substituents will be examined on all the transition state structures that have
been proposed in Objective 1, as well as those ones reported by Houk et al. (Figures 6 and 7). The
relative energies of the reported transition state structures were recalculated with the different
analogs, thus indicating if changing the substituents had an influence on the relative energies.
These calculations could lead to a more stable structure for the mechanistic pathway of the catalytic
cycle. The relative energies of the structural analogs can provide additional information into the
RDS or even change the RDS depending on the EDG or EWG substituent on the ground state or
transition state structures.
Objective 3. Demonstrate experimental methodology for preparing and purifying structural
analogs for use as catalyst candidates to allow for future testing of computational results.
We have demonstrated that both one-step syntheses allow for rapid assembly of a diverse set
of organocatalyst candidates (see Results). We have several results for the elimination-addition
synthesis suggesting that 13 and 15 can be synthesized in a condensation reaction producing a
phenolic TPO as the organocatalyst (Scheme 8). As shown in Figure 8, the organocatalyst
candidates with slightly different electronic and steric profiles can be synthesized under the same
reaction conditions (see Methods). However, it is found that some steric and electronic properties
of the desired organocatalyst require slightly different reaction conditions.
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Furthermore, we have preliminary
results indicating that the additionrearrangement synthesis can develop
TPOs with a range of R1 groups. The
addition-rearrangement synthesis has
some

advantages

over

the

elimination-addition reaction, such as
generating the products in ≥ 70%
yield, with no purification necessary
due to no byproducts being generated.
With these syntheses and multiple
readily available starting materials, it is possible for different analogs to be tested experimentally
while the other researchers in the group test the structures computationally. The experimentalist
can take the organocatalysts that have been synthesized and observe how the different substituents
(R1, R2, and R3, Figure 8) will influence the energies of
the important ground states and transition states. From
the experimental results, the structures can be
recalculated for every modification made to the
organocatalyst, ensuring that the ground state and
transition state are still the lowest ground state and
highest transition state structures. These studies allow for
both the experimental and computational methods to be
used for a better comparison of understanding the mechanistic pathway of the catalytic cycle.
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C. Motivation and Current State of the Field
The most effective method for activation of secondary alcohols, resulting in a variety of
functional groups, is through the Mitsunobu protocol. The Mitsunobu reaction is extremely prolific
in literature, referenced as a synthetic tool in over 8500 different sources.67 However, the protocol
for the traditional Mitsunobu reaction requires the use of multiple costly reagents, generating
roughly two gram of hazardous waste byproducts for each gram of the desired product. The
following characteristics make the Mitsunobu reaction an additional challenge: the purification
process, stoichiometric amount of waste generated, and the use of azodicarboxylate reagent.8 Over
the years, different strategies have been used to eliminate these limitations such as, Brønsted
base/acid tagging,41, 68, 69 polymer bound phosphine and azo species,70 and the Mitsunobu-active
phosphorane reagents.71 Unfortunately, the broad pro-nucleophile scope of the original protocol is
difficult to replicate.8
In 2006, Toy et al. made the first advancement to the Mitsunobu reaction since its discovery in
1967, that enables the replication of the pro-nucleophile scope (Figure 9).8 Their method involves
the use of sub-stoichiometric azodicarboxylate, which was recycled by the hypervalent iodine
reagent as the stoichiometric oxidant, whereupon multiple equivalents of TPP were used.8, 10, 11, 72
While the use of TPP had increased, this improvement was superior to the classical Mitsunobu as
purification could be performed with distillation as opposed to chromatography, which is required
to remove the hydrazine byproduct.10, 72 Unfortunately, stoichiometric oxidant and reductant will
always limit the atom economy, therefore, this protocol does not contain ideal reaction
conditions.11
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In 2013, another research group by the name of Taniguchi et al. examined an alternative
oxidation system.2, 73 This group developed a catalytic system that could recycle a Mitsunobuactive arylazocarboxylate using iron pthalocynanine as the co-catalyst, and oxygen as the terminal
oxidant.2, 73 The catalytic system generated water as the sole byproduct, thus enabling a broader
substrate scope; however, this still limits the atom economy and requires stoichiometric amounts
of phosphine.8, 11
O’Brien et al. next attempt to improve the Mitsunobu avoids the production of phosphine oxide.
This group designed a catalytic Wittig reaction using a sub-stoichiometric amount of phosphine
oxide, as a pre-catalyst in combination with phenyl silane, and stoichiometric diisopropyl
azodicarboxylate (DIAD).74 Nevertheless, inversion of the stereocenter was not demonstrated in
this catalytic system, therefore, alternative esterification pathways were required.74
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In 2015, Aldrich et al. merged two catalytic Mitsunobu protocols together including the
O’Brien catalytic system and Taniguchi iron-pthalocynanine azo protocol.7 After running an
experiment with a full catalytic system, it was recognized that this protocol limited the substrate
scope and excluded the inversion of the chiral center.8
Previous strategies to improve the Mitsunobu reaction do not stray far from the original
procedure other than introducing additional reagents and catalyst, in order to regenerate phosphine
and hydrazine.15 However, in 2019, Beddoe et al. took a different approach to improve the
Mitsunobu, where a catalytic cycle was introduced.11 This catalytic cycle eliminates the need for
stoichiometric oxidant and reductant, due to using an organocatalyst.11 Nonetheless, Beddoe’s
catalyst appears to operate with an energetic span of 35 kcal/mol and requires pronucleophiles with
pKa values of < 3.5. Thus far, only very limited mechanistic information and SAR data have been
reported for this catalyst providing little basis for rational strategies to improve the catalyst
efficiency.
A further investigation of the redox-free Mitsunobu reaction was conducted by Houk et al., who
used a computational approach. From Houk et al. calculations they found a more complex catalytic
cycle with specific elementary steps and explicit transition state structures. These results lead to a
disagreement with Beddoe’s proposed catalytic cycle. Houk et al. research made significant
improvements to the proposed catalytic cycle, as well as found the most relevant structures for
calculating the relative energies.
The most recent advancement to the Mitsunobu reaction includes exploring both Beddoe’s and
Houk’s research on the catalytic cycle. The proposed research improved Beddoe’s catalytic cycle,
by further understanding the mechanistic pathway of the catalyst, allowing for the SAR data to be
expanded upon. We examined the mechanistic pathway through computational methods to identify
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alternative key intermediate(s), transition state(s), and interactions that determine the catalyst
efficiency. In addition, the work was demonstrated using a modular synthetic strategy for preparing
systematic libraries of organocatalyst candidates, allowing for expanded experimental SAR data
to be collected and enabling computational predictions to be tested experimentally. Determining
the mechanistic pathway further fine tunes the catalytic performance enabling a class of diverse
organocatalysts to be used.
D. Methods
D1. Methods for Objective 1
Quantum chemistry methods such as hybrid density functional theory and second-order MøllerPlesset perturbation theory were performed using Gaussian 16.75 Density functional theories were
chosen due to their accuracies for testing both geometries and energies. The B3LYP functional
and B97X-D functional were used to calculate the electronic, enthalpic, and free energies for the
ground state, intermediates, and transition state structures.61 The geometry optimizations were
done using the hybrid functional B3LYP and Pople’s 6-31G basis set, ensuring the ground states
were at a local minimum.76, 77 The B3LYP was used as a preoptimization generating fast and
comparable results. These coordinates could then be optimized using the B97X-D functional.
The B97X-D functional and the 6-311G(d,p) basis set was used to verify the previously reported
ground state and transition state energies.76,

77 78-80

A further verification of the results was

demonstrated by using the second-order Møller-Plesset (MP2) level of theory with the 6311G+(d,p) basis set.81 With each verification the basis set was expanded, therefore, could
calculate for more parameters, as well as diffuse functions were added on.
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The polarizable continuum model (PCM) can model the solvent effects without adding explicit
solvent molecules to the system.80 The PCM models the solvation shell by approximating the
electrostatic solvent-solute intermediates.80 If explicit solvent molecules were added this would
significantly increase the computational cost. Therefore, the use of PCM enables the cost of the
calculation to be kept at a minimum.80 However, the PCM model was not integrated into these
calculations.
Unless specified otherwise all calculations are computed at a temperature of 0 K. However, all
calculations conducted in this research were computed at a temperature of 413.15 K. The
temperature is only considered during the frequency calculations used to determine the enthalpy
and free energy values.75 The temperature does not influence the optimized structure just the
enthalpy and energy values.75
All calculations discussed were carried out using the B97X-D functional with the 6-311G(d,p)
basis set.
Results
As shown in Figure 10, the closed
conformation (26) is more stable by 6.87
kcal/mol for the B97X-D functional.
The B3LYP functional was also used to
calculate the relative energies of the
conformations of Beddoe’s catalyst (see
Appendix A). However, a variation in
energy between the functionals was observed and can be described with how accurate each
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functional computes the hydrogen bonding interactions. For instance, the B3LYP over computes
the hydrogen bonding, whereas the B97X-D calculates the hydrogen bonding with great
accuracy. There is also an energy difference between the two conformations of the catalyst due to
the internal hydrogen bond. The internal hydrogen bond is strong, thus making structure 26 more
stable than structure 11. The hydrogen bonding interactions greatly influence the relative energies,
as shown in Figure 10.
After the hydrogen bonding interactions were observed the ground state of each conformation
of the catalyst was analyzed (Figure 11). Structures 11 and 26 were calculated to observe the
influence each conformation would have on Houk’s reported ground state structure (29.) Houk
reported the ground state structure to be -1.8 kcal/mol; however, this was not observed when
structures 11 and 26 were calculated. In Figure 11, for  the GS should read -1.8 kcal/mol but
instead the value obtained is 2.17 kcal/mol. The difference between the two values can be
explained due to an entropic cost that needs to be considered when comparing the two data values
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at two specific temperatures. The difference in free energy suggests that increasing the temperature
influences the entropy of the calculations.
Understanding the influence of the internal hydrogen bond exhibited in the conformations of
Beddoe’s catalyst, temperature, and the variation between functionals enables us to examine the
relative energies of the different hydrogen bonding intermediates. The hydrogen bonding
interactions with 11 and 26 are compared in Figure 12. The proton on the acid can hydrogen bond
to the catalyst in two ways: either through the phenol or the TPO. From the results shown in Figure
12, structures 28 (with the acid hydrogen bonded on the phenol) and 30 (with the acid hydrogen
bonded to the TPO) are more energetically favorable than the hydrogen bonding that occurs within
structures 27 and 29. This is another result where the internal hydrogen bond influences the relative
energies of the structures. Structure 30 is more stable than 29 (Houk’s reported ground state
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structure)

by

kcal/mol,

6.0
which

indicates that there is an
alternative
conformation of Houk’s
reported ground state
structure.
From the calculated
hydrogen

bonded

intermediate structures,
30 has been determined
to be the ground state
(see Appendix C for
coordinates). As shown
in Table 3, the free
energies and enthalpies
of the other hydrogen
bonded
are

intermediates

calculated

with

respect to the ground
state

structure.

Referencing 30 as the
ground state structure

26

the energetic span was determined to be 38.5 kcal/mol. This indicates that another conformation
of Houk’s ground state structure (30) was observed and increases the energetic span by 6.0
kcal/mol. Therefore, the newly identified conformation of Houk’s ground state structure appears
to be a more stable ground state, which causes an increase in the overall energetic span of the
catalytic cycle to occur.
Another result that can be concluded from Table 3, is that the intermediates (26, 28, and 30)
with the internal hydrogen bond are lower in energy than those without the internal hydrogen bond.
This information corresponds to the previously reported data that states the internal hydrogen bond
structure influences the relative energies of the structures making them more stable.
Finally, the alternative transition state
structures were analyzed and compared to
Houk’s

published

transition

state

structure. As shown in Figure 13, Houk’s
transition state structure (24) is more
stable by about 6.0 kcal/mol than the
alternative transition state structure (33).
Structure 24 being more stable than 33
indicates that the hydrogen bond between the carboxylate and the phenol on 24 is much stronger
than the internal hydrogen bond that is exhibited in 33. The hydrogen bond on 24 is stronger due
to the negative charge on the carboxylate being in close proximities to hydrogen bond suggesting
a charge assisted hydrogen bond is much stronger than an internal hydrogen bond. It can be
concluded that hydrogen bond has a robust effect on the relative energy of the transition state
structures.
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Houk had calculated the energetic span of the catalytic cycle to be 32.6 kcal/mol regarding the
change in free energy; however, the energetic spans represented in this thesis are also calculated
with respect to the enthalpies (see Appendix B). Therefore, the energetic span with respect to
enthalpy is 26 kcal/mol. The energetic span shown in Figure 14, represents all of Houk’s published
ground state, intermediates, and transition state structures generating an energetic span of 32.6
kcal/mol, as well as the alternative, ground state (30), intermediate (32) and transition state
structure (33). However, there are several elementary steps in between the ground state and
transition states structures that are not represented in these energy diagrams due to their relative
energies not being relevant (the break in the energy diagrams indicate this).
In Figure 14, the blue pathway indicates the newly identified ground state structure 30 with the
alternative transition state structure 33. The dotted line represents Houk’s published ground state
structure 29 and transition state structure 24. As demonstrated in Figure 14, 30 is much lower in
energy; therefore, more stable than 29. It can also be observed that 33 (blue pathway) is higher in
energy and increases the energetic span to 38.5 kcal/mol than 24. There is also a difference of 2.60
kcal/mol between 31 and 32, indicating 32 is a more stable intermediate.
There are a few differences between the energetic span shown in free energy versus the
energetic span described in enthalpy. The first difference is that the product (35) of the first
transition state structure (34) is higher in energy. This is due to changing the degrees of freedom
(DOF). At the first transition state there are 12 DOF, because each structure has six DOF, however
there are 18 DOF represented at the product of the 34. This is a result of three compounds being
represented due to a bond breaking, which generates water, thus increasing the DOF. Another
difference is the free energy calculates the spontaneity of the structures, whereas the enthalpy
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computes the stability of the structures; therefore, there is discrepancy between the distinct
energetic spans.
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In conclusion for Objective 1, another conformation of Houk’s ground state was identified to
be the more stable ground state structure. In addition, Houk’s transition state structure was
confirmed to be the more stable transition state structure. Lastly, the internal hydrogen bond
influenced the stability of the structures by 6.87 kcal/mol, so structures with the internal hydrogen
are more stable than the structures without the internal hydrogen bond.
D3. Methods for Objective 2
The same DFT methods used for Objective 1, were used for Objective 2 the only difference
being the addition of the functional groups on the key ground state and transition state structures.
Examining the different analogs was accomplished because each functional group on the phenol
or TPO influences the steric and electronic effects of the catalyst. These effects can change the
relative energy generating a more energetically favorable structure. If a more energetically
favorable structure is found than this can alter the activity of the catalyst ultimately changing the
RDS. If an alternative structure is more energetically favorable than one of the structures already
published by Houk et al., this could lead to a vast improvement in the catalytic cycle.
Results
First, the ground state energies of the analogs were computed using Houk’s confirmed ground
state structure 29 at 298 K and 413.15 K. 29m was used as a reference when calculating the relative
energies of the other analogs (Table 4, see Appendix A for B3LYP functional results). The free
energy values of structures 29 and 30 were calculated with respect to the two conformations of
Beddoe’s catalyst, as shown in Table 4. Overall, the ground state structures calculated with 26 to
generate 29 are more energetically favorable than the ground states calculated with 11. This is due
to the internal hydrogen bond being present in 26. Another observation made from Table 4,
includes all of the analogs of the ground state structure 30 calculated with both 11 and 26 are
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lowered in energy than the analogs of structure 29, which can be easily seen throughout the free
energy diagrams (Figures 15-18.) This indicates that structure 30 is a more stable ground state
structure.

Figure 15 displays the free energies of the different analogs, where the steric and electronic
properties of the phenol can be observed. Each of the colored lines in the energy diagram represent
a different functional group (black: R1 is H; red: R1 is NO2; blue: R1 is CH3; green: R1 is OCH3)
and the dotted line describes the analogs of Houk’s ground state structures 29. There are several
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elementary steps that occur between the key ground state and transition state structures that are not
shown in the following energy diagrams due to their relative energies not being relevant.

Changing the steric and electronic properties of the phenol plays a role in the relative energies
of the structures. This is evident when examining the relative energies from the ground state
structure 30 to the first transition state structure 34. When R1 is NO2, it can be observed that
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structure 34 is more stable than when the other R1 groups are examined, this is due to p-nitrophenol
having a pKa of 7.01. The other functional groups have a pKa range of 9.93-10.41. This suggest
that the pKa of the phenol, which is determined by the R1 functional group influences the relative
energies. The lower the pKa of the phenol the lower the energy of the structure, thus making 34 a
more stable structure when R1 is NO2.
Altering steric and electronic properties of the TPO can be observed in Figure 16, where R3 is
changed from a Ph, a bulky EWG, to CH3 which is a less sterically hindered EDG. When R3 is a
Ph the TPO is more acidic, but when R3 is changed to CH3 the TPO becomes more basic. Due to
the pKa of the TPO changing there is a narrower range of the calculated energies when the
structures have CH3 as R3. This is due to the TPO being basic, therefore, enabling the proton
transfer from the phenol to occur more easily. In addition, a bond was formed from 30 to 34, in
which a nucleophilic attack occurred, therefore, the CH3 is favored over the Ph due to steric bulk.
Another observation shown in Figure 16 is the product of the first transition state structure 35
is higher in energy when R1 is OCH3 and R3 is CH3. This result is due to the OCH3 being very
electron donating, therefore, putting its electron density into the phenol ring and displacing the
nucleophile favoring the phosphonium intermediate, however, this does not alter the RDS. As
predicted by Houk the RDS is the final substitution step, which was still observed after substituents
on the TPO were altered.
Figure 17 demonstrates the energetic span with the alternative ground state structure (30),
intermediate (32) and transition state structure (33). The energetic span is significantly greater
when structures 33 and 30 are used to calculate it. This is observed because a more destabilized
transition state structure 33 and a more stabilized ground state structure 30 were identified. In
addition, intermediate 32 was more stable for the different analogs then when structure 31 was
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observed. This is due to 32 exhibiting the internal hydrogen bond, therefore, the relative energies
are influenced by the pKa of the phenol. Hence, when R1 is the NO2 group it is observed to be the
more stable structure due to having the lowest pKa value, and the OCH3 which has the highest pKa
value is the least stable structure for 32.

34

35

Very similar trends as observed in Figures 16 and 17 are observed in Figure 18. The RDS is still
observed to be the final substitution step despite 35 when R1 is CH3 and R3 is OCH3 being higher
in energy.
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Overall, Houk’s calculated energetic span
was calculated to be 32.5 kcal/mol; however, the
energetic spans calculated with ground state
structure 30 are much higher in energy than 32.5
kcal/mol (Table 5). As shown in Table 5, the
energetic span ranges from 35.6 kcal/mol to 38.5
kcal/mol. This is due to a more stable ground
state structure being identified; therefore, the
relative energies of these structures are lower in
energy causing the energetic span to increase.
In Table 6, the energetic spans were
calculated with respect to the ground state
structure 30 and the transition state structure 33.
It can be concluded that these energetic spans are
much higher in energy than the predicted
energetic span of 32.5 kcal/mol. This larger
energetic span was determined from the more
destabilized transition state structures to the
more stabilized ground state structure.
In conclusion structure 30 is a more important ground state conformation than structure 29, and
structure 24 is also a more important transition state structure than 33. In addition, it was observed
that changing the steric and electronic properties of the phenol and TPO influenced the relative
energies.

37

D4. Methods for Objective 3
Beddoe et al. three-step synthesis
contained hazardous and expensive
reagents which resulted in hazardous
waste. This three-step synthesis was
not

well

suited

for

highly

functionalized compounds or for
building a combinatorial library of
organocatalyst.
alternative
proposed:

However,
approaches

one

using

no

two
were
other

reagents other than two coupling
partners 13 and 15, and the other using 17 and 18 as coupling partners. The one-step synthesis
involving 13 and 15 reduces the amount of waste produced and generates water as the sole
byproduct (Scheme 8). The other one-step synthesis includes 17 and 18 which has no byproducts
and generates higher yields. Both one-step syntheses are more direct atom economical routes to
developing a combinatorial library of organocatalyst that can be easily synthesized.
In order to demonstrate that a class of organocatalysts with a range of steric and electronic
properties could be easily synthesized the identification of the optimal reaction conditions needed
to be determined. Several trial-and-error experimentations were examined to identify the reaction
conditions of the one-step synthesis for each organocatalyst. To obtain a sufficiently effective
synthesis for all SPOs and HBAs that could be synthesized, different solvents or even a catalyst
needed to be considered, all of which are be readily available in the lab.
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The first step in demonstrating that the organocatalyst can be developed includes testing a range
of solvents such as acetic acid, chloroform, propylene carbonate, sulfolane, xylenes, anisole, and
1,2-dichlorobenzene to determine which ones promote the coupling reaction. Xylenes promoted
coupling of the reaction best.
Once the solvent system was found, several one-step syntheses using a variety of HBAs and
SPOs were synthesized in order to develop a class of organocatalyst (Table 7). The Radley was
used to synthesize several single-step reactions in parallel. All the reagents were added to a test
tube with xylenes and heated at 120⸰C for several days, while under inert atmosphere. After several
days of these reactions being monitored by NMR (see Appendix D), it was noticed that the
reactions had gone to completion. These syntheses were then purified using flash column
chromatography, TLC, and recrystallization to isolate the desired product. These syntheses were
characterized by using 31P NMR, 1H NMR, 13 C NMR, HRMS, and chromatography (see appendix
D for 1H NMR and 13C NMR).
The Radley is a carousel 12 plus reaction station, in which it simultaneously heats/cools, stirs,
and refluxes 12 samples under inert atmosphere. The NMR spectra were recorded using a Bruker
400 MHz and referenced to solvent signals (CDCl3 is referenced at δ 7.26 and 72.16 for 1H and
13

C, respectively). All NMR chemical shifts are reported in parts per million (ppm) and the

coupling constants (J) are reported in Hertz (Hz). Column chromatography was performed using
the Isolera Flash Column Chromatography system with the Biotage SNAP KP-SI2 10g as the
column. The High Resolution Mass Spectrometry (HRMS) data was obtained using the Agilent
6530 Accurate Q-TOF LC/MS with an Electron Spray Ionization (ESI). The HRMS data is set to
4 decimal places.
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A) A single-step synthesis consisting of dimethylphosphine oxide (7.69 mmol) as the SPO and
2-hydroxybenzyl alcohol as the HBA (7.73 mmol) were reacted together to generate the
desired organocatalyst. The organocatalyst was isolated using flash column chromatography
with a solvent ratio of 5.0% MeOH: 95% EtOAc. The reaction was characterized by (31P{
1

H} NMR (400 MHz) δp 49.86); 1H NMR (400 MHz, Chloroform-d) δ 1.57 (dd, J = 12.8,

1.4 Hz, 6H), 3.21 (d, J = 13.1 Hz, 2H), 6.88 (tt, J = 7.5, 1.2 Hz, 1H), 6.98 – 7.03 (m, 2H),
7.20 (tt, J = 7.6, 1.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 156.42 – 155.45, 131.05 (d, J
= 6.1 Hz), 129.15 (d, J = 2.7 Hz), 120.74, 119.98 – 118.78, 116.13 – 115.65 , 36.87 – 36.30,
36.05 – 35.36, 15.69, 15.01; HRMS (ESI)= C9H13O2P [M+H]+ Calc: 1845.1828, Found:
185.0939; TLC: Rf= 0.46 (1:1.5 MeOH/EtOAc).
B) A single-step synthesis consisting of bis(3,5-dimethylphenyl) phosphine oxide (1.26 mmol)
as the SPO and 2-hydroxybenzyl alcohol as the HBA (1.82 mmol) was isolated by flash
column chromatography with 20% MeOH: 80% EtOAc. Product was concentrated in vacuo
to afford a pale white crystal. The reaction was characterized by (31P{ 1H} NMR (400 MHz)
δp 38.88); 1H NMR (400 MHz, Chloroform-d) δ 2.35 (t, J = 0.7 Hz, 12H), 3.68 (d, J = 12.9
Hz, 2H), 6.73 (dd, J = 8.0, 6.7 Hz, 1H), 6.80 – 6.85 (m, 1H), 7.02 (dd, J = 8.1, 1.4 Hz, 1H),
7.10 – 7.16 (m, 1H), 7.17 (s, 2H), 7.30 – 7.38 (m, 4H), 9.97 (s, 1H); 13C NMR (101 MHz,
Chloroform-d) δ 21.33, 35.44 (d, J = 67.1 Hz), 119.68 (d, J = 13.2 Hz), 120.44, 128.46
(d, J = 9.5 Hz), 128.79, 131.41 (d), 134.08 (d, J = 2.8 Hz), 138.49 (d, J = 12.5 Hz), 156.0;
HRMS (ESI)= C23H25O2P [M+H]+ Calc: 365.1670, Found: 365.2127; TLC: Rf= 0.88 (1:4
MeOH/EtOAc).
C) A single-step synthesis consisting of bis(p-tolyl) phosphine oxide (1.06 mmol) as the SPO
and 2-hydroxybenzyl alcohol as the HBA (1.08 mmol) was isolated by using flash column
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chromatography with a solvent ratio of 5.0% EtOAc: 95% DCM. Product was concentrated
in vacuo to yield a pale-yellow powder (170 mg 47.8%). The reaction was characterized by
(31P{ 1H} NMR (400 MHz) δp 38.861H NMR (400 MHz, Chloroform-d) δ 2.41 (s, 6H),
3.68 (d, J = 12.9 Hz, 2H), 6.72 (t, J = 7.3 Hz, 1H), 6.77 – 6.84 (m, 1H), 7.02 (dd, J = 8.2,
1.3 Hz, 1H), 7.09 – 7.17 (m, 1H), 7.29 (qd, J = 3.7, 1.5 Hz, 4H), 7.54 – 7.70 (m, 4H), 9.99
(s, 1H);

13

C NMR (101 MHz, Chloroform-d) δ 21.64, 35.71 (d, J = 67.9 Hz), 119.58 (d),

119.69 (d, J = 8.4 Hz), 120.48, 127.43 (d, J = 102.5 Hz), 128.86, 129.49 (d, J = 12.3 Hz),
130.97 (d, J = 10.0 Hz), 131.66 (d, J = 6.5 Hz), 142.93 (d, J = 2.9 Hz), 156.71; HRMS
(ESI)= C21H21O2P [M+H]+ Calc: 337.1357, Found: 337.1750; TLC: Rf= 0.55 (1:19
DCM/EtOAc).
D) A single-step synthesis consisting of diphenylphosphine oxide (4.24mmol) as the SPO and
2-hydroxy-5-nitrobenzyl alcohol as the HBA (4.23 mmol) was isolated using flash column
chromatography with a solvent ratio of 25% Hexanes: 75% EtOAc. Product was then
concentrated in vacuo to yield pale yellow crystals (54.4 mg, 3.6%). The reaction was
characterized by (31P{ 1H} NMR (400 MHz) δp 36.37); 1H NMR (400 MHz, Chloroformd) δ 3.79 (d, J = 13.0 Hz, 2H), 7.04 (d, J = 9.0 Hz, 1H), 7.51 – 7.58 (m, 4H), 7.59 – 7.66
(m, 2H), 7.72 – 7.81 (m, 5H), 8.01 (ddd, J = 9.0, 2.8, 1.5 Hz, 1H), 11.34 (s, 1H); 13C NMR
(101 MHz, Chloroform-d) δ 35.48 (d, J = 66.6 Hz), 119.45, 119.85 (d, J = 7.9 Hz), 125.26,
127.57 (d, J = 6.6 Hz), 129.14 (d, J = 12.2 Hz), 129.89, 130.83, 130.93, 133.02 (d, J = 2.9
Hz), 163.1; HRMS (ESI)= C19H16NO4P [M+H]+ Calc: 354.0895, Found: 354.1300; TLC:
Rf= 0.53 (1:3 Hex/EtOAc).
E) A single-step synthesis consisting of diphenylphosphine oxide (1.40 mmol) as the SPO and
2-hydroxymethyl-4-methoxy-phenol as the HBA (1.29 mmol) was isolated by using flash
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column chromatography with a solvent ratio of 40% Hexanes: 60% EtOAc and 10% of
MeoH was used. Product was concentrated in vacuo to yield a pale-yellow powder (76.1
mg 16.0%). The reaction was characterized by (31P{1H} NMR (400 MHz) δp 37.97); 1H
NMR (400 MHz, Chloroform-d) δ 3.63 (s, 3H), 3.70 (d, J = 12.9 Hz, 2H), 6.32 (dd, J = 3.1,
1.9 Hz, 1H), 6.69 (ddd, J = 8.8, 3.0, 1.8 Hz, 1H), 6.97 (d, J = 8.8 Hz, 1H), 7.46 – 7.54 (m,
4H), 7.54 – 7.61 (m, 2H), 7.70 – 7.79 (m, 4H), 9.89 (d, J = 0.6 Hz, 1H); 13C NMR (400
MHz, Chloroform-d) δ 35.37 (d, J = 67.2 Hz), 55.69, 113.74 (d, J = 2.9 Hz), 117.08, 120.21,
120.42, 128.82 (d, J = 12.1 Hz), 129.99 - 130.98 (d, J = 9.5 Hz), 132.47 (d, J = 2.6 Hz),
153.37, 166.03; HRMS (ESI)= C20H19O3P [M+H]+ Calc: 339.1150, Found: 338.1445; TLC:
Rf= 0.4 ( 1:1.5 Hex/EtOAc).
F) A single-step synthesis consisting of diphenylphosphine oxide (4.92 mmol) as the SPO and
2-hydroxybenzyl alcohol as the HBA (4.84 mmol) was isolated by flash column
chromatography with 25% Hexanes: 75% EtOAc. Product was then isolated by using
recrystallization with 1:5 DCM/pentane to generate a white crystal as the product (122 mg
8.0%). The reaction was characterized by (31P{ 1H} NMR (400 MHz) δp 37.86); 1H NMR
(400 MHz, Chloroform-d) δ 1.57 (dd, J = 12.8, 1.4 Hz, 6H), 3.21 (d, J = 13.1 Hz, 2H), 6.88
(tt, J = 7.5, 1.2 Hz, 1H), 6.98 – 7.04 (m, 2H), 7.20 (tt, J = 7.6, 1.8 Hz, 1H), 9.44 (s, 1H);
HRMS (ESI)= C19H17O2P [M+H]+ Calc: 309.1044, Found: 309.0460; TLC: Rf= 0.75 (1:3
Hex/EtOAc).
G) A single-step synthesis consisting of diphenylphosphine oxide (0.35 mmol) as the SPO
and 5-bromo-2-hydroxybenzyl alcohol (0.10 mmol) as the HBA. The reaction was
characterized by (31P NMR (400 MHz) δp 34.36) and (31P{1H} NMR (400 MHz) δp 34.36);

42

1

H NMR (400 MHz, Chloroform-d) δ 7.77 – 7.53 (m, 1H), 7.63 – 7.43 (m, 1H), 7.41 –

7.25 (m, 9H), 3.69 (s, 1H), 3.28 (d, J = 34.0, 13.6 Hz, 2H).
The associated NMR for the organocatalysts can be accessed in appendix D. A whole library of
organocatalyst can be accessed using the elimination-addition synthesis as shown in Table 7;
however, only a select few were demonstrated in this research (see Results).
The addition-rearrangement method includes all the reactions being conducted using
commercially available materials, such as aldehydes, secondary phosphines, and TFA. Chemical
resistant butyl rubber gloves were required, as well as a bleach solution due to using pyrophoric
starting material under acidic conditions. The bleach solution was able to oxidize any remaining
secondary phosphine and prevent spontaneous combustion of residual starting materials. In
addition, the syntheses were conducted in bomb flask under inert atmosphere, at a temperature of
80⸰C. After the reactions were finished a workup was done to neutralize the acidity and to further
purify the desired TPOs (Table 8). These syntheses were characterized by using
NMR,

13

31

C NMR, HRMS, and chromatography (see appendix D for 1H NMR and

P NMR, 1H
13

C NMR),

which are described below:
H) The addition-rearrangement consists of diphenylphosphine (13.4 mmol) as the secondary
phosphine and 2-hydroxybenzaldehyde (14.5 mmol) concentrated in vacuo for a paleyellow powder (3.69g 89.3%). A workup was included that consist of pouring the product
into a separatory funnel that contains saturated sodium bicarbonate to neutralize the acid,
and then using DCM to extract the contents. The reactions were characterized by (31P{1H}
NMR (400 MHz) δp 111.3); 1H NMR (400 MHz, Chloroform-d) δ 1.57 (dd, J = 12.8, 1.4
Hz, 6H), 3.21 (d, J = 13.1 Hz, 2H), 6.88 (tt, J = 7.5, 1.2 Hz, 1H), 6.98 – 7.04 (m, 2H), 7.20
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(tt, J = 7.6, 1.8 Hz, 1H), 9.44 (s, 1H); HRMS (ESI)= C19H17O2P [M+H]+ Calc: 309.1044,
Found: 309.0460; TLC: Rf= 0.75 (1:3 Hex/EtOAc).
I) The addition-rearrangement consists of diphenylphosphine (13.4 mmol) as the secondary
phosphine and 2-hydroxy-5-methoxybenzaldehyde (14.5 mmol) concentrated in vacuo for
a pale-yellow powder (3.35g 73.8%). A workup was included that consist of pouring the
product into a separatory funnel that contains saturated sodium bicarbonate to neutralize the
acid, and then using DCM to extract the contents. The reactions were characterized by (31P{
1

H} NMR (400 MHz) δp 113.4) ; 1H NMR (400 MHz, Chloroform-d) δ 3.63 (s, 3H), 3.70

(d, J = 12.9 Hz, 2H), 6.32 (dd, J = 3.1, 1.9 Hz, 1H), 6.69 (ddd, J = 8.8, 3.0, 1.8 Hz, 1H),
6.97 (d, J = 8.8 Hz, 1H), 7.46 – 7.54 (m, 4H), 7.54 – 7.61 (m, 2H), 7.70 – 7.79 (m, 4H), 9.89
(d, J = 0.6 Hz, 1H); 13C NMR (400 MHz, Chloroform-d) δ 35.37 (d, J = 67.2 Hz), 55.69,
113.74 (d, J = 2.9 Hz), 117.08, 120.21, 120.42, 128.82 (d, J = 12.1 Hz), 129.99 - 130.98
(d, J = 9.5 Hz), 132.47 (d, J = 2.6 Hz), 153.37, 166.03; HRMS (ESI)= C20H19O3P [M+H]+
Calc: 339.1150, Found: 338.1445; TLC: Rf= 0.4 ( 1:1.5 Hex/EtOAc).
J) The addition-rearrangement consists of diphenylphosphine (13.4 mmol) as the secondary
phosphine and 2-hydroxy-5-methylbenzaldehyde (14.5 mmol) concentrated in vacuo for a
white powder (3.82g 88.2%). A workup was included that consist of pouring the product
into a separatory funnel that contains saturated sodium bicarbonate to neutralize the acid,
and then using DCM to extract the contents. The reactions were characterized by (31P{ 1H}
NMR (400 MHz) δp 111.9); 1H NMR (400 MHz, Chloroform-d) δ 2.13 (s, 3H), 3.69 (d, J =
12.9 Hz, 2H), 6.55 – 6.63 (m, 1H), 6.92 (d, J = 1.1 Hz, 2H), 7.43 – 7.62 (m, 6H), 7.67 –
7.81 (m, 4H), 9.77 (s, 1H); 13C NMR (400 MHz, Chloroform-d) δ 20.34, 35.26 (d, J = 67.5
Hz), 119.01 (d, J = 8.6 Hz), 119.29 (d, J = 2.6 Hz), 128.71, 129.48 (d, J = 2.9 Hz), 129.69
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(d, J = 2.1 Hz), 130.62 (d, J = 99.6 Hz), 130.99 (d, J = 9.5 Hz), 132.09 (d, J = 6.5 Hz),
132.39 (d, J = 2.9 Hz), 154.21 (d, J = 4.1 Hz); HRMS (ESI)= C20H19O2P [M+H]+ Calc:
323.1201, Found: 323.1123;TLC: Rf= 0.89 (1:3 Hex/EtOAc).
K) The addition-rearrangement consists of diphenylphosphine (13.4 mmol) as the secondary
phosphine and 2-hydroxy-5-nitrobenzaldehyde (14.5 mmol) concentrated in vacuo for a
pale-orange powder (3.66g 77.1%). A workup was included that consist of pouring the
product into a separatory funnel that contains saturated sodium bicarbonate to neutralize the
acid, and then using DCM to extract the contents. The reactions were characterized by (31P{
1

H} NMR (400 MHz) δp 118.3); 1H NMR (400 MHz, Chloroform-d) δ 3.79 (d, J = 13.0 Hz,

2H), 7.04 (d, J = 9.0 Hz, 1H), 7.51 – 7.58 (m, 4H), 7.59 – 7.66 (m, 2H), 7.72 – 7.81 (m,
5H), 8.01 (ddd, J = 9.0, 2.8, 1.5 Hz, 1H), 11.34 (s, 1H); 13C NMR (101 MHz, Chloroformd) δ 35.48 (d, J = 66.6 Hz), 119.45, 119.85 (d, J = 7.9 Hz), 125.26, 127.57 (d, J = 6.6 Hz),
129.14 (d, J = 12.2 Hz), 129.89, 130.83, 130.93, 133.02 (d, J = 2.9 Hz), 163.1; HRMS
(ESI)= C19H16NO4P [M+H]+ Calc: 354.0895, Found: 354.1300; TLC: Rf= 0.53 (1:3
Hex/EtOAc).
Results
The first organocatalyst successfully synthesized
(A), which is a novel compound was generated, with
an isolated yield of 98%. All the compounds
generated are novel except for Beddoe’s catalyst (F).
During the purification of these novel compounds a
byproduct was observed (Figure 19). The byproduct was generated from synthesis D due to an
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excess of HBA being used, in which the HBA polymerized para- or ortho- to the phenyl rings on
the SPO.
The elimination-addition reaction has very low isolated and NMR yields that were obtainable.
The low yields are a result of the addition of excess HBA, the generation of a byproduct, and the
purification was highly impracticable. The elimination-addition synthesis took several days for
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product formation to occur. In addition, the purification of these organocatalysts was very labor
intensive due to finding the correct solvent system, in which several solvent mixtures were
examined (MeOH: EtoAC, MeOH: DCM, EtOAc: DCM) and the number of fractions that were
collected from the column. Overall, the purification was very time consuming for the amount of
product that was collected. Although, the elimination-addition synthesis has limitations it does not
require the use of hazardous reagents.
The addition-rearrangement synthesis was able to generate greater than 70% yields (Table 8).
The yields for the addition-rearrangement synthesis were much higher because no excess aldehyde
was required, no byproduct was generated, and no chromatography was necessary. However, the
addition rearrangement synthesis does have some limitations, such as the use of pyrophoric starting
material and TFA. Both syntheses have advantages/disadvantages and are both a significant
improvement from the synthesis reported by Beddoe. Overall, the addition-rearrangement is
preferred over the elimination-addition synthesis.

E. Future Work
There are two different pathways that the future work can branch out to: computational and
experimental. Future work for the computational portion includes examining the key ground state
and transition state structures with different acids, along with the range of functional groups.
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Studying various acids will provide further understanding on the acidity and the influence it has
on the relative energies of the key ground state and transition state structures. The future work for
the experimental portion includes demonstrating that the generated organocatalyst can participate
in the catalytic cycle. This can be done by forcing the catalyst through the catalytic cycle by using
triflic anhydride and monitoring closely with NMR. Once the catalyst can successfully make it
through the catalytic cycle, then the catalyst can be examined in the Mitsunobu reaction.
F. Conclusion
In conclusion, another more stable conformation (30) of Houk’s ground state structure was
identified, leading to a higher energetic span being determined, which suggests that Houk’s
computational approach is not as consistent with experimental findings as they initially appeared.
Additionally, a different possible transition state was found for the nucleophilic substitution on the
activated alcohol, however, this alterative transition state was found to be several kcal/mol less
stable than the TS identified by Houk. Finally, the hydrogen bonding that takes place along the
mechanistic pathway significantly influences the relative energies of the plausible structures. The
influence of the hydrogen was observed in the results that were gathered in Objective 1, which
enables for structure 26 to be the most stable conformation of Beddoe’s catalyst.
In Objective 2, the analogs of the ground state structures were calculated with both structures
29 and 30. It can be concluded that all the analogs of 30 are more stable than 29. Indicating 30 is
a more important ground state structure. In addition, the RDS determined by Houk is the final
substitution step, which was observed for all the energy diagrams. Lastly, changing the steric and
electronic properties of the phenol and TPO did influence the relative energies of several
intermediates and transition states.
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In Objective 3, two one-step syntheses were shown to be able to generate organocatalyst
candidates demonstrating that a library of organocatalyst candidates could be produced. The
library of catalyst candidates includes R1=H, CH3, NO2, and OCH3, and R3=CH3, and Ph,
indicating the possibility of directly testing computed predictions for future directions. Overall,
the addition-rearrangement synthesis is preferred over the elimination-addition synthesis due to
the greater percent yields being obtained and will little purification necessary.
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Appendix C
Cartesian Coordinates and energies of the optimization structures
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The NMR for the addition rearrangement synthesis are shown below:
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